The Pierre Auger Collaboration has shown that the cosmic rays detected to August 2007, with estimated energies above 57 EeV, were mostly very close to the direction of a catalogued AGN within ∼ 75 Mpc. The closeness of the sources to us, and their association with the locality of moderate Seyfert galaxies rather than the most striking radio galaxies, were surprising, leading some authors to question the reality of the apparent associations. Here, three further techniques for examining the correlation of cosmic ray arrival directions with directions of AGNs are introduced to confirm and extend this correlation. These include the uniform-exposure polar plot to examine largescale associations, and a sensitive "right ascension resonance" test to show the rapidity of the decoherence when the two patterns are displaced. The latter test avoids the choice of a correlation window radius, which makes it possible to see an AGN correlation in other data at a lower energy, and to seek it in HiRes data. On the basis of the closeness of correspondence of the cosmic ray and AGN maps, and the equally significant correspondence with directions of extended radio galaxies listed by Nagar and Matulich but not used in the Auger group's investigation, it is argued that the association with these two sets of objects is by no means accidental, although the efficacy of the 57 EeV "cut" in selecting this revelatory sample may have been accidental.
Introduction to the new observations of arrival directions of the most energetic cosmic rays
In 2007 the Pierre Auger Collaboration [1] published the directions of arrival of 27 cosmic-ray particles which they 2 estimated to have energies above 5.7 × 10 19 eV (57 EeV), and near most of these directions (within 3.2 • ) there was an
The low average density of 0.36 AGNs (in this catalogue and in this redshift range) per 3.2 • window might be 109 thought to indicate that when an AGN is seen in the window it must probably be the source of the cosmic ray particle, N otherAGN around selected AGN 1.2 0.9 0.9 0.8 Table 1 : Numbers of AGNs in concentric annuli.
Line (A) shows that there is typically a high local density of AGNs which extends for several more degrees. To excess number of counts at the closest distances is sensitive to how far cosmic rays are spread around a "source" AGN
132
(either by magnetic scattering or by the size of a cloud of supposed accelerators such as magnetars or hypernovae).
133
One can simulate the numbers of AGNs that would be found at different distances from a cosmic-ray direction if Table 2 : Surface density of AGNs near cosmic ray directions.
The observations thus suggest that cosmic-ray arrival directions have an r.m.s. spread of about 4
• around typical clusters.
Thus the cosmic rays may suffer magnetic scattering of 4
• while travelling to the observer from an AGN source.
Since this is somewhat greater than the 3. sources. Since unusual activity in galactic nuclei, and growth of supermassive black holes, is believed to arise from 157 collisions between galaxies in clusters, it is also possible that the AGNs are not the sources but are serving as markers
158
of regions where other types of activity related to star formation are also concentrated. The role of AGNs as markers 159 of concentrations of general galactic activity has been taken up by Ghisellini et al. [16] , who showed that clusters of 160 galaxies did indeed correlate with Auger cosmic ray directions.
161
Much of the following discussion will avoid the choice of a "window" of a particular radius, but before moving on
162
it is worth mentioning that, of the windows around the 6 cosmic rays in the galactic exclusion zone, somewhat crudely surveys, so tests of association cannot be performed (though the bright radio source Cen B does shine through the dust 167 and coincides with a cosmic ray).
168
Where are these AGN clusters? The large scale features of the cosmic ray directions and associated AGNs will be 169 examined in the next section. 
Mapping the sky on a uniform-exposure polar plot

171
The Aitoff sky projection that is commonly used to show how cosmic-ray arrival directions relate to large-scale plane twist sharply, making it hard to see whether the cosmic ray patterns relate to these planes. The pattern of cosmic 176 ray arrival directions is revealed much better in a uniform-exposure polar plot, described below, if one is content to 177 display one hemisphere, or slightly more, rather than the whole sky.
178
Although I first used this plot in the 1970s in correspondence about the Yakutsk observations, it was not fruitful 179 then, as no patterns emerged, and I regret not having published it, although it has been used a few times in publications 180 by colleagues (e.g. [18] ). Only now, with many particles detectable above the GZK barrier, is a study of tens, rather 181 than thousands of arrival directions of great interest again. If, for an isotropic flux, one detects n p (p) particles at polar distances less than p, out of a total of n detected particles, • radius drawn around some of the strongest radio galaxies -V,Virgo A (M87), CA, Cen A, CB, Cen B and F, Fornax A -illustrate the compression of the radial scale towards the edge. (A 6
• circle represents the angular distance from a source within which (at ∼ 40 Mpc) most of these cosmic rays arrive according to the analyses discussed here.) Virgo A is at the centre of the Virgo cluster of galaxies. Small triangles mark the positions of 280 VCV AGNs S of declination +18 • , having redshifts < 0.018. Eight-armed crosses (stars) mark the extended radio galaxies listed in [10] .
(The diagram has unit radius.) The azimuthal angle φ = α , the right ascension. A comment is appropriate here for If the observatory can record cosmic rays arriving at any point on a well-defined ground area, A, independent of 197 their zenith angle of arrival, θ, out to a maximum zenith angle θ max -as is the case for the Pierre Auger Observatory numerous. Substitution of these numbers in equation 1 gives the radial scale R(p) for the plot.
206
Even without considering a connection with AGNs, the 27 Auger showers shown in figure 1 appear to be dis-207 tributed non-randomly, but the eye and brain will usually imagine an interesting relationship in a pattern of dots
208
("canals on Mars"). To characterize the clumpiness of the pattern of points, the cumulative distribution of the 351 209 inter-point distances ∆ as measured on the plot is shown in figure 2 , and the average sky separation in degrees corre-
210
sponding to the various separations ∆ on the uniform-exposure plot are shown along the bottom of the graph.
211
Figure 2: Cumulative number N of inter-point distances ∆ on uniform-exposure plot in figure 1 for the 27 Auger cosmic-ray directions. The average separations in degrees on the sky, to which these plot-separations ∆ refer, are shown just above the horizontal axis. Thick line: the observations (fig 1) . Thick dashed line ("isotropic"), shows the average N(∆) for many sets of 27 points placed randomly on the plot, simulating cosmic rays approaching the earth isotropically. Dot-dash line: average N(∆) for many sets of 27 directions of AGNs picked from the VCV catalogue (redshifts z< 0.018) and given a 4 • rms scatter (with refinements described in the text). Changing the scatter to 2 • or 0. 
263
In the simple version (a) the weight was then 1.61 in the centre.
264
In order to compare cosmic ray and AGN patterns, only the 21 cosmic rays outside the ±12 • galactic exclusion 265 zone will be used: the cosmic rays clearly favour the segments containing many VCV AGNs. is observed, which does look anomalous. In each segment of the plot in figure 3 , the weighted number of VCV AGNs spread in the distance of AGNs in these segments, though not necessarily in the distance of the dense active regions.
282
Some cosmic rays may originate beyond the 75 treatment of sensitivity of the catalogue at different distances would be appropriate when more data are available.
286
The most striking implication of these correlations is that cosmic rays must come from very many sources (many 287 4
• -spread circles being needed to cover the observations) within ∼ 75 Mpc, and the most spectacular strong double-288 lobe radio galaxies do not supply a large part of them. Cen A supplies about 1/4 of the total extragalactic radio-source so Cen A should at least match all the others as a source of local cosmic rays. If it does not, we have to suppose 303 that particle acceleration to the highest energies is discontinuous, and Cen A is in its off state so far as 10 20 eV is 304 concerned (the jet does not have a non-thermal hot-spot), and the same may be true of Fornax A. It has been noted 305 that there are two cosmic ray directions within 3.2
• of Cen A, but these might well come from another double-lobed 306 FRI radio galaxy, NGC 5090 (at 48 Mpc) in the list of Nagar and Matulich [10] , and not in the VCV catalogue. This is within 1
• of Cen A (see figure 1 ). The correlation of cosmic rays with these radio galaxies will be examined more 308 quantitatively in section 5, but while figure 3 is before us, it can be seen that there are is a close pair of cosmic rays cluster exaggerated by the falling luminosity threshold for nearby AGNs in the catalogue, as referred to above? (c)
318
Are the cosmic-ray sources not AGNs, but some other objects normally found near AGN but absent in the Virgo and particular quality of the Auger data sample permitted a search for the optimal choice in their preliminary data set,
335
and the best window size probably arose from its effect in reducing the confusion with background objects on the sky.
336
For this reason, a correlation test that does not require a particular window size to be selected will be proposed, as an 337 alternative technique for exploring the domain where this close association exists.
338
The notable feature of the cosmic ray directions in the original Auger report [1] was their angular closeness to
339
AGNs. Hence a useful measure of association should be the angular distance, d 1 , between a cosmic-ray direction and 340 the AGN nearest to that line of sight in a particular sub-set of the catalogue (such as a particular range of redshift).
341
Here, d refers to the angular distance in degrees measured on the sky, and not to a distance on the uniform-exposure sets, but it is hard to be sure that one has not inadvertently constrained the data in such a way as to produce a large have not been used, as for the vital small shifts ∆α they cannot be usefully compared with the AGN map. Only when ∆α is close to zero is a clear association seen, with a chance probability < 10 −7 -a sharp "resonance" however, so the marked probabilities apply there.
368
There is a complication, because this rotation in α moves the galactic exclusion belt which contains very few To estimate P at a particular shifted position, ∆α, of the AGN pattern, 100,000 "cosmic ray"points were selected 384 randomly on a uniform-exposure plot, avoiding the 24
• galactic exclusion zone, and the angular distance d 1 to the 385 nearest (shifted) AGN was recorded for each. Then, a set of 21 samples was drawn from these 100,000, and In the case of figure 4, the marked "probabilities" must be regarded with reserve, because the selection criteria 389 for the data were decided half-way through the run, in such a way as to maximize the association as measured by 390 the number of cosmic rays which had an AGN within a surrounding window of particular (optimized) radius. This reason, figure 5 shows resonance plots for smaller data sets, one of which was taken after the selection cuts were fixed.
395
The thick dot-dash curve refers to the 10 Auger showers from [1] outside the obscured zone of low galactic latitude 396 that were observed before the selection cuts were chosen and which were used in making this choice; the thick full 397 line applies to the 11 showers detected after this. The marked probability levels are for sets of 11 pseudo-random 398 directions, and would be slightly different for the smaller first set. Even with only 11 observed directions, a 10 −5 399 probability level is reached (and the same is true for 10). In the first data set all 10 of the standard 3.2 • windows 400 around the cosmic ray directions contained VCV AGNs (within 75 Mpc); in the second data set the hit rate was 9/11.
401
The nominal probabilities for these hit rates are 10 −6.1 and 10 −3.5 , but the first estimate is much too small because the 402 selection cuts were chosen precisely to maximize this count, whereas selection of the cuts does not seem to have had shown for a set of 10 or 11 directions. At ∆α near 145
• one can see an accidental dip at around the depth in "P"
406
(10 −1.8 ) that was suggested above as likely to occur, but there are some other dips, usually also not significant, that 407 are related to the effect of clumps of cosmic rays being moved across a clumpy AGN field, as they recur in both 408 sub-sets, and at ∆α near −25
• there is one that is probably partly random. The resonance technique could thus detect 409 strong associations with AGN patterns in fairly small data sets, even when the best window size is not known. The 410 main conclusion from figure 5 is that the association between the cosmic rays reported in the Auger paper and the
411
VCV AGNs on a scale of a few degrees are very highly significant, and not generated accidentally by the optimization 412 process.
413
Four other applications of this right-ascension resonance will be considered. the Auger association persists, to check the significance of the apparent 75 Mpc limit, and use the position of the GZK 420 horizon to check the energy of the particles?
421
As already remarked, the proportion of Auger cosmic rays to VCV AGNs appears to be lower than usual in the 422 region of the Virgo cluster, long assumed to be an important local source. The HiRes observatory was well placed to 423 observe this region, but reported seeing no cosmic ray excess in that direction, and indeed no association of cosmic available, but a list of Auger events below 57 EeV has not been published.
444
The much earlier experiment at Haverah Park pioneered the particle detector technique used at the Auger Ob- 
455
This suggests that the Virgo cluster is not completely inactive as a source, and disfavours the possibility that its output 456 is disguised by a large local magnetic deflection.
457
Investigation of the most reliable way to detect associations and estimate energy in such datasets is at an early 458 stage, and the result will be reported separately, but a comparison of these three experimental results suggests that 
Correlations with extended radio galaxies
475
There is a much smaller alternative catalogue, of large radio galaxies, against which the cosmic rays can be 476 compared, which is equally significant, at the one-in-a-million level, may be virtually independent of selection-477 optimization bias, and is undoubtedly plausible, a priori. This is the set of 10 "extended radio galaxies" listed by
478
Nagar and Matulich [10] as being within the declination range observable by Auger and the redshift range selected
479
for the Auger analysis (z < 0.018). Nearly all are classified as probable FRI radio galaxies, except for Fornax A.
480
These authors considered objects included in Liu and Wang's [20] catalogue of galaxies with radio jets, and selected 481 those for which the radio map showed emission whose total extension on the two sides added up to more than 180 kpc
482
(scalar sum). Only three of these galaxies are on the VCV list of optically-detected AGNs -NGC 4261 (3C270),
483
Cen A and Cen B, the latter being very near the galactic plane, although there is now no need to exclude the zone 484 of low galactic latitude when comparing cosmic rays with radio galaxies, which shine through the dust. M87 does 485 not meet their selection test. Concentrating first on the statistical argument, of 27 cosmic rays, 4 have at least one of 486 these 10 radio galaxies within a "standard" 3.2 • window; yet the average particle from an isotropic flux would have 487 0.0015 such encounter by chance, and there is well below a 10 −6 probability of having 4 "hits" in a sample of 27 488 particles. As the selection conditions were not optimized for these targets, this appears to be an essentially indepen-489 dent demonstration that the cosmic rays are far from isotropic and truly associated with certain AGN-type objects
490
(and the argument would be little affected if one removed the two galaxies that appeared in both lists and had nearby 
30
• rms spreading (in all cases the acceptance efficiency of the detector is taken into account). So the radio galaxies 494 themselves do offer a pattern significance test essentially independent of the VCV association test. But a 3.2
• window 495 for counting associations is really too small for this situation in which the targets are less crowded on the sky, as will
496
shortly be seen, so a d 1 resonance plot is shown, to check this level of significance, before moving on.
Figure 7(a) shows the mean distance in degrees of the 27 cosmic ray directions to the nearest of these 10 "extended 498 radio galaxies", as the right ascension of the objects is shifted, and plot (b) shows the same but in the next 50% 499 extension of the redshift range (0.018 to 0.027), using the two further radio galaxies that Nagar and Matulich note, at 500 positions (α = 52.7
• , δ = −3.1 • on figure 1 , 85 Mpc) and at 112 Mpc (α = 331.1
• , δ = +4.7 • ). As these authors do not 501 state whether there were any more similar galaxies in this range, there is some uncertainty about the full interpretation 502 of this second plot, a subject that will be raised again when considering source distances in section 7. (Because the 503 density of target galaxies is so low in this catalogue, the random separations are larger, and the angular distances d are
504
capped at a value of 13
• rather than 10 • in forming the averages for these plots, though present results are insensitive 505 to the precise value chosen.)
506
Without making a choice of window size, the significance of the association (case a) is not quite the same as 507 quoted above using a "standard" size of window, but this is of no practical consequence.
508
These extended radio galaxies were selected from a list of galaxies with radio jets [20] . Are the other jets also 509 effective sources? Omitting the (few) cases with short jets, with total length less than 1 kpc, the galaxies selected as 510 having extended lobes comprise about 40% of the total in the localities considered here. A d 1 resonance curve for 511 those that were not selected by Nagar and Matulich, shown dotted in figure 7a, shows no dip at ∆α = 0 • , indicating 512 that they are not more strongly associated with cosmic rays than are the typical VCV AGNs.
513
It may be wondered how one finds room for more sources of these cosmic rays when almost all of them have been 514 associated with optical AGNs, above. The explanation is, as remarked in section 2, that the close grouping of AGNs 515 in clusters normally prevents identification of what object within a few degrees is the true source, which could be an 516 object belonging to the cluster but not in the VCV catalogue. Most radio galaxies are such objects, and if they are 517 indeed particularly efficient sources, we may in this case be able to identify the actual galaxy that is the source.
518
The usual 3.2
• window size must be expected to exclude many cosmic rays if they do typically have rms spreads 519 of ∼ 4
• around the VCV AGNs, and the counting window can safely be extended to 6
• for greater counting efficiency 520 when there is such a small density of targets on the sky: 4 more hits then appear, and there is no indication that one 521 is picking up accidental pairings, although there may be a contamination from cosmic rays generated by other weaker 522 sources in the surrounding cluster. In contrast with the VCV optically detected AGNs, which typically had ∼ 0.1 523 cosmic ray associated (see the discussion of figure 3), the ratio is close to 1.0 now: there are 12 cosmic rays that have 524 at least one of these 12 extended radio galaxies within 6
• (counting out somewhat beyond z=0.018 now), even though 525 Figure 7 : Association between the 27 Auger cosmic ray directions and the directions of extended radio galaxies listed by Nagar and Matulich. The mean distance between the cosmic ray and the the galaxy nearest on the sky is again measured in degrees. (a, upper panel) The 10 "extended" radio galaxies within 75 Mpc are considered; (b, lower panel) the listed radio galaxies (only 2) in the next 50% range of distance are used. The probability lines do not waver in level because there is no special galaxy avoidance zone moving across the sky now, for radio galaxies; but in case (b) the probabilities should not be relied upon, as the unbiased selection of the galaxies in this case is uncertain. (a) also shows, dotted, the resonance curve (but not the probabilities) for the radio-jet galaxies listed by Liu three cosmic rays within 6
• , and so has Cen A (3.4 Mpc) which is so nearly aligned that both these galaxies appear 529 in the same events. As Cen A has an advantage of ∼ 200 in its 1/distance 2 factor relative to most of the other typical 530 emitters considered here, but does not overwhelm them, it is probably in an "off" state, and the three cosmic rays 531 seemingly associated with it are then more logically attributed to NGC 5090. Other radio galaxies seem to have two by Nagar and Matulich. As so many contribute more than one, the 5 undetected suggest that either the emission is not 535 continuous, or that the maximum energy is lower for some of them. The Nagar and Matulich galaxies should be seen 536 to associate with cosmic rays again in future Auger exposures.
In [10] it was proposed that these FRI galaxies were the essential sources, and that the remaining cosmic rays
538
(perhaps 17 out of 27 from the figures above) were probably not really associated with VCV AGNs, and were ap-539 proximately isotropic. The authors also remarked that the correlation with VCV AGNs must be distorted by the 540 inclusion in the catalogue of bright H2 galaxies that were originally mistaken for AGNs. Their suggestion has been 541 tested by plotting a resonance curve for a reduced cosmic ray sample (having removed those which pass within 6
• of 542 Nagar-Matulich galaxies), and measuring their angular distances from the objects remaining in a reduced VCV AGN 543 catalogue for z < 0.018 (having removed the 3 specified radio galaxies, and also the H2 galaxies as suggested). The 544 result, plotted in Figure 8 , shows that these cosmic rays that are not seen to be associated with the radio galaxies are 545 not isotropic: there is still a pronounced trough close to 0 • , with the chance that it arises by accident below 10 −4 , still 546 a very significant association.
547
Figure 8: Figure 8 . Plot of d 1 against R.A. shift ∆α for cosmic rays which do not correlate within 6 • with extended FRI radio galaxies (16 of the original 21 cosmic rays), compared with the positions of VCV AGNs after removing H2 galaxies (not true AGNs) and the extended radio galaxies from the list, to test a suggestion of residual isotropy by Nagar and Matulich [10] . The reduced set of cosmic rays still shows a strong association with the directions of optically detected AGNs.
One merit of the VCV AGN catalogue is that it contains the right density of objects to provide correlations with 548 a large proportion of individual cosmic ray directions, but not so many as to make this correspondence unavoidable 549 even with random directions, so it makes a striking demonstration of a close association with cosmic rays numerically 550 possible if it exists. It has been argued above that this close association, very surprisingly, does exist, and is very 551 significant even when allowance is made for the selection data cuts which optimized this correlation in the first half 552 of the data-taking period. If one were to look to greater distances, however, source confusion would mount: there 553 would be multiple close AGNs for many cosmic rays, confusing the picture quite apart from the need to allow for 554 the opposite problem of serious catalogue incompleteness. The class of radio galaxy discussed above would be much 555 more suitable than VCV AGNs to trace the extension of cosmic ray sources beyond 75 Mpc, because their number 556 density is low enough to avoid source confusion, and the catalogue will not suffer from incompleteness until greater 557 distances are reached. The X-ray selected AGNs in the Swift BAT catalogue can also be useful in this way, and George 558 et al. [7] have already suggested that a correlation appears to extend to about 100 Mpc.
559
Thus it appears that both FRI radio galaxies and Seyfert galaxies can accelerate protons to 10 20 eV, though the 560 latter have a lower output. It seems that an intense hot-spot, as seen at the termination of FRII jets, and anticipated 561 as a promising acceleration site [9, 5] , is not implicated. If these two classes of active galaxy make up the relevant 562 accelerators, the acceleration site may possibly be nearer to the base of the jet. part of the investigation, a "shear" was applied to the rotations described in this section: any AGN was displaced in 595 longitude, λ, by ∆λ = ω. sec φ, where φ is the latitude, rather than all by the same ∆λ = ω, thus having the same actual 596 shift ω on the sky for each AGN, making it easy to read off the displacement of the particle. The terms "longitude" shown in figure 8b of Abraham et al. [1] , and would correspond to a field directed "down" towards the galactic disc,
602
with a strength integrated along the particle's path of 6µG × kpc, if the particles are protons -say, 0.3µG on average 603 over 20 kpc. The trajectory passes about 2 kpc above the galactic plane at about 7 kpc from the Galactic Centre.
604
Since deflections, at a known energy, will be proportional to nuclear charge, the particles are surely not very much 605 more highly charged than helium nuclei, and at this energy are very unlikely to be helium nuclei, as these survive 606 only about 1 Mpc in the microwave background. Of course, not having enough data to treat several different parts of 607 the sky separately, the magnetic field cannot be separated from a metagalactic field of 6nG × Mpc. There may well 608 be a significant metagalactic contribution seen in the widespread random 3 − 4
• scatter discussed previously, as the 609 systematic shift was only seen for a particular set of directions, at the rather low galactic latitude of 24
• . The value of 610 extending these tests to a larger data set is clear.
611
A 4
• displacement of the resonance of course implies some changes in the list of which AGNs appear in 3.2 vincing that there must be a magnetic deflection. There now appear 9 AGNs in the standard windows around revised
615
"undeflected" cosmic ray directions, instead of 5 in the original list. Cen A now appears in only one window rather 616 than 2, but one of the new AGNs brought in is the FRI AGN IC 4296 on Nagar and Matulich's list [10] , which now 617 has a distance d of 0.4 • instead of 3.8
• .
618
Correlations with AGNs in different distance ranges
619
The Auger AGN study [1] found that the correlation was most significant when only the AGNs having redshift 620 < z 1 = 0.018 (distance < 75 Mpc) were used. This would have important implications, discussed in the next section.
621
However, a maximum significance with a redshift limit of z 1 does not mean that there are few cosmic rays from 622 beyond this limit; so direct information on the distances of travel of the detected cosmic rays should be sought. Three 623 approaches to this tricky problem will be sketched here.
624
(1) Looking for coincidences (within 3.2 • ) with VCV AGNs at different distances is not helpful in a very straight-625 forward way, as these objects are so numerous that a typical cosmic ray direction eventually matches AGNs at different 626 distances. This is shown in table 3, where, in the line labelled "z .000-.017", the 21 cosmic rays outside the galactic 627 obscuration zone are shown in the sequence of their detection, with "x" showing that the particle matched an AGN in 628 this distance range (i.e. the cosmic rays discussed previously), and "." signifying that there was no match: there were The point of origin of the particle is obviously not determined unambiguously: a line of sight can pass within very crudely 0-25% might come from sources beyond 75 Mpc, though a more precise estimate cannot be made.
643
(2) Resonance plots can also be used to study the extent of the correlation with increasing distance, as they are not is surprising that the 116-150 Mpc group shows a small apparent resonance near ∆α = 0 (that was not seen in the 651 simulated curve, below). To extract the information on distance of origin, the best that can be done at present is 652 to model the correlations one would get if the observed cosmic rays originate in a specific range of distance. So,
653
for this purpose, I have assumed that cosmic rays originate as though from any VCV AGNs, are scattered with a 654 characteristic spread, and that at greater distances a decreasing fraction of the AGN's output is seen, because GZK 655 energy losses allow us to receive only those particles emitted above an energy threshold which is increasingly above 656 57 EeV for more distant sources. The Auger sample has an energy spectrum above 57 EeV which may be represented
where j is the fraction of particles above energy E, E o = 57 EeV, and E max ≈ 92EeV.
658
This ignores a single particle of energy well above 92 EeV, which is of no consequence in this context.
659
Assuming the local spectrum does not vary much with position in space, it might be treated roughly as though 660 E max , above, is the maximum energy with which most particles are generated, and that particles cannot be received should be investigated, although it would be unlikely to have much effect on a "cut-off" point.
675
(3) The alignment of cosmic rays with extended radio galaxies offers a much better chance to investigate the source 676 distances, as multiple alignments for a cosmic ray will rarely occur, apart from the special case of Cen A and NGC 677 5090. The shaded histogram in figure 11 shows the numbers of such galaxies (as listed by Nagar and Matulich) found have been added because they were seen to align with cosmic rays, and may not be a complete sample in this region.
680
To indicate how the radio-galaxy distribution may be expected to continue, the total number of galaxies with radio how the numbers of extended radio galaxies may be expected to continue beyond this distance. The filled circles show 685 the numbers of cosmic rays apparently associated with the radio galaxies in each 20 Mpc -within 6
• as in section 5.
686
(The "error bars" show the effect of changing the source attribution from NGC 5090 to Cen A in 3 cases.) All these 687 radio galaxies with jets have been included in these counts of associations, but only the extended (mostly FRI) radio Hence, this treatment roughly confirms the z max figure from the Auger optimization: it is probably below 120
692
Mpc for the set of particles that still have energies above 57 EeV when they arrive. This must be controlled by their 693 maximum energy on production, and the rate at which they lose energy. If one receives few or no particles above E thresh which originated beyond 100 Mpc, the energy of the particles 696 released from the source must not be too high, and the rate of loss of energy, primarily through interactions with the 697 cosmic microwave background radiation (CMBR), must be rapid, so that the energy falls below E thresh within 100
698
Mpc. The rate of energy loss in the CMBR varies rapidly with proton energy, and it seems that the loss would be 699 sufficient to drop below "57 EeV" within this distance only if, firstly, the particle energies are higher than quoted in the 700 Auger paper, presumably because of remaining uncertainties in the fluorescence efficiency of air; and, secondly, the 701 fall of the energy spectrum of cosmic rays must be steeper than that imposed by these energy losses: the observations 702 must be closely approaching the upper energy limit of the accelerators.
703
Figure 11: The histogram shows the numbers of extended radio galaxies as defined by Nagar and Matulich in 20 Mpc intervals. Beyond 75 Mpc the galaxies may have been chosen more selectively (see text). The line shows the number of galaxies with radio jets of at least 1 kpc [20] -in the field of view of the Auger Observatory, but without selection for lobe extension -the right hand scale applies to these. The black points are the numbers of cosmic rays that appear to be associated with these radio galaxies, none in fact being associated with non-extended galaxies. 3 cases attributed to NGC 5090 could alternatively be attributed to Cen A: the vertical lines show the changed counts that would result.
There is as yet insufficient information to resolve the interplay of several relevant factors, but the general con-704 straints will be described with the aid of Figure 12 . Consider first the lines, which trace the average change in a Mpc, in contrast with the observations.
713
The only way to remove this tail of distant sources appears to be to assume that the reported energies are too low now be few particles having travelled more than 100 Mpc. This is closer to the observed distance distribution.
721
However, if we attempt to estimate the distance from the source of individual particles, by linking them to the
722
AGNs seen close to the cosmic ray arrival direction, there is a problem. In outline, one expects that the particles 723 arriving with the highest energies must have travelled a short distance, whilst the particles of lowest energy could 724 come from a wide range of distances, with different starting energies. The observed data are presented as follows.
725
The cosmic rays fairly clearly associated with extended radio galaxies (ERG) have a clear source distance, and are
726
marked with large filled circles. For those not associated with extended radio galaxies, an open circle marks the 727 Figure 12 : Distance of travel of particles arriving with different energies. For the observations, the distances are derived from redshifts of AGNs or radio-galaxies close to the line of sight (see text). The curves refer to the expected energy of protons generated with particular initial energies of 200, 100 or 80 EeV after they have travelled through the background radiation for different distances: thin lines for energies actually assigned in the Auger analysis, thick lines apply if the assigned (and plotted) energies are too low by a factor 1.25. The shaded area draws attention to the main area in which the points would be expected to lie in this latter case, assuming also that the source spectrum terminates near 100 EeV ("assigned energy") median distance of VCV AGNs within 6
• and a vertical line shows the range of distances amongst this group of is needed to make more of this energy spectrum, to find out just how steeply it must fall at this apparent termination.
736
Simulations of energy propagation have been made but will be published separately. AGNs, typically Seyfert galaxies, and being deflected randomly by 3 − 4
• on their way to us. As this scattering angle 744 is similar to the separation of AGNs in the source region, it will not usually be clear what object is the actual source.
745
The appearance of some very weak objects closest to the observed direction is hence not significant. In section 3, a closest distance -which showed the rapidity of decoherence of these patterns on the sky when they were displaced slightly. This showed the cross-correlation in a very immediate way, that could be used to explore related associations 754 in other regions. As this did not make use of any specially optimized window radius, it could be used to check the 755 very high statistical significance of the correlation with AGNs. The association of cosmic rays with the extended radio 756 galaxies with radio jets within 120 Mpc (Nagar and Matulich [10] ), most of which were not in the VCV optically- sources produces a total spectrum with a sharp cut-off. 
842
The effective detection area presented to a source at zenith angle θ is A · cos θ if the detecting area on the ground always has a fixed value A. Let λ be the magnitude of the observatory's latitude (i.e. always treated as positive). For a source at polar angle p, its zenith angle varies during the sidereal day according to the expression cos θ = cos p · sin λ + sin p · cos λ · cos H
where H is the hour angle relative to the source's right ascension, which increases uniformly with time, from 0 when θ is least (source highest in the sky), to 360
• after a complete sidereal day. Thus the time average of the effective detecting area is A · cos θ = A cos θ · dH/360
• (3) is always or never satisfied, as just mentioned.
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Having determined the efficiency of the detector for sources of each polar angle, as just described, the radius R at which a source should be shown in an equal-exposure plot is
where the variable z refers to a polar angle, and A cos θ is a function of this polar angle, from equations 3 and 2.
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The limit of integration, p, is the polar angle at which R is required. k is chosen to make R → 1 at large p. 
with the maximum divergence from the tabulated value being 0.006. However, if the term in square brackets is 856 removed, leaving just the sine, the error is only significantly increased at polar angles < 16
• , reaching 0.012 at 8
• ,
857
and as few cosmic rays are detected so close to the pole, this small distortion in their plotted density is probably immaterial. This formula should not be used for polar angles beyond the theoretical maximum of 114.8
859
To plot a cosmic-ray direction, or an astronomical object, at right ascension α and declination δ, the polar distance Table 4 : Detection efficiency and radial position R in equal-exposure polar plot for the Auger Observatory.
